This review describes our current understanding of the "traffic lights" that regulate sulfur flow through the methionine bionetwork in liver, which supplies two major homeostatic systems governing cellular methylation and antioxidant potential. Theoretical concepts derived from mathematical modeling of this metabolic nexus provide insights into the properties of this system, some of which seem to be paradoxical at first glance. Cellular needs supported by this network are met by use of parallel metabolic tracks that are differentially controlled by intermediates in the pathway. A major task, i.e. providing cellular methylases with the methylating substrate, Sadenosylmethionine, is met by flux through the methionine adenosyltransferase I isoform. On the other hand, a second important function, i.e., stabilization of the blood methionine concentration in the face of high dietary intake of this amino acid, is achieved by switching to an alternative isoform, methionine adenosyltransferase III, and to glycine N-methyl transferase, which together bypass the first two reactions in the methionine cycle. This regulatory strategy leads to two metabolic modes that differ in metabolite concentrations and metabolic rates almost by an order of magnitude. Switching between these modes occurs in a narrow trigger zone of methionine concentration. Complementary experimental and theoretical analyses of hepatic methionine metabolism have been richly informative and have the potential to illuminate its response to oxidative challenge, to methionine restriction and lifespan extension studies and to diseases resulting from deficiencies at specific loci in this pathway.
metabolism are associated with many pathologies, including cancer, anemia, neurodegenerative diseases and development abnormalities [1] [2] [3] [4] [5] . Some regulatory features of hepatic methionine metabolism seem at first glance to be paradoxical and in this review we discuss insights into a novel strategy for allosteric regulation that have emerged from mathematical modeling studies.
After digestion of food proteins, methionine enters gastrointestinal tissues where up to 20% of it can be metabolized [6] . The blood transports methionine to other tissues and cells. Fig.1A shows the organization of methionine metabolism in most mammalian tissues. Methionine enters the cell via Na + -dependent transporters A and ASC, and Na + -independent transporters [7, 8] . In the cell, methionine is consumed for protein synthesis or enters the metabolic cycle. In the first stage of the cycle, methionine is activated as a methyl donor by Sadenosylmethionine synthetase (MAT) forming S-adenosylmethionine (AdoMet). Numerous methylases comprise the user group for AdoMet and catalyze transmethylation reactions that generate S-adenosylhomocysteine (AdoHcy). The latter is cleaved to adenosine and homocysteine (Hcy) in a reaction catalyzed by S-adenosylhomocysteinase (AHC). Homocysteine can be remethylated to methionine using the methyl group of 5-methyltetrahydrofolate (MTHF) in a reaction catalyzed by methionine synthase (MS).
Homocysteine is also metabolized via the transsulfuration pathway to generate cysteine, which is consumed for synthesis of proteins, glutathione, and coenzyme A. Also, there are two routes for cysteine degradation in mammals. It can be oxidized to taurine, an osmolyte [9] or converted to pyruvate and sulfate [10] . The transsulfuration pathway exists in most tissues except muscle (including heart) and the endothelium. It begins with an irreversible condensation reaction of homocysteine and serine, catalyzed by cystathionine-β-synthase (CBS). Defects in CBS are the single most common cause of homocystinuria, an autosomal recessive disorder, which is accompanied by severely elevated levels of plasma homocysteine [11] . Elevated plasma homocysteine levels are correlated with multiple pathological conditions, such as cardiovascular diseases, neurodegenerative diseases and neural tube defects [12] [13] [14] [15] .
In adult liver cells, the organization of methionine metabolism is more complex (Fig. 1B) and critical points of distinction are enumerated below:
(1) Instead of MATII, expressed in extrahepatic tissues, adult liver expresses the MAT isoenzyme, which exists in one of two isoforms: MATI and MATIII, and are present simultaneously [16] . The MAT1A gene encodes both MATI and III however; MATIII is dimeric whereas MATI is tetrameric. The kinetic properties of the resulting enzymes are significantly different. In contrast, MAT2A encodes a single isoform, MATII. MATI and MATII are inhibited by the product, AdoMet, while MATIII is activated by AdoMet. The redundancy in the AdoMet synthesis reactions begs the question as to the logic of the existence of multiple routes for catalysis of the same overall reaction. It also raises the question as to how the ratio between MATI and MATIII is regulated in hepatocytes.
(2) Glycine-N-methyltransferase (GNMT) is an abundant protein that represents 1-3% of soluble protein in liver [17, 18] . As opposed to other methylases, GNMT performs a seemingly wasteful task, i.e. methylating glycine to generate the product, sarcosine, that has no apparent utility and is cleared from the cell, raising the obvious question as to what role this enzyme serves. The sigmoidal dependence of GNMT kinetics on AdoMet differ from the hyperbolic kinetics of other methylases [18] . Interestingly, a positive correlation between the level of GNMT expression and sarcosine concentration was recently discovered in a metabolomics study on metastatic prostate cancer, suggesting that sarcosine may be a potentially useful biomarker for this disease [19] .
(3) Betaine homocysteine S-methyltransferase (BHMT) works in parallel with MS providing an alternative route for remethylation of homocysteine to form methionine and betaine. This enzyme links the oxidative catabolism of choline to methionine metabolism.
An interesting feature of liver methionine metabolism was uncovered by Finkelstein and Martin [20] in a study on rats maintained on diets differing in their methionine content. They observed that liver methionine concentration was stabilized even with a 10-fold increase in dietary methionine from 0.3 to 3% (Fig. 2) , In contrast, AdoMet and AdoHcy concentrations increased gradually up to 2% of dietary methionine, and then increased sharply(~4-fold) when dietary methionine increased from 2% to 3% (Fig. 2) . This study suggested the existence of a trigger point or threshold methionine concentration in the stabilization mechanism of liver methionine metabolism.
The novel features of methionine metabolism discussed above together with the multitude of regulatory interactions within and with other metabolic systems make it challenging to understand the operating principles in and regulation of this pathway. The first theoretical study of methionine metabolism was published in 2000 [21] and illustrated the value of a systems analysis approach for revealing unusual regulatory strategies used by this system.
Mathematical modeling of the methionine cycle
As a first step towards a theoretical understanding of the roles of MATI/III and GNMT in methionine metabolism, a minimal mathematical model describing hepatocyte methionine metabolism was developed [21] . This model included detailed descriptions of only the first three reactions in the methionine cycle connecting methionine to homocysteine (Fig.3) . Methionine metabolism in the whole animal was not taken into account, and methionine concentration was considered as an input parameter. Transmethylation and transsulfuration reactions were represented as a single reaction for homocysteine disposal. This simple model featured pronounced bistability. Above a threshold methionine concentration of 54 µM it predicted a sharp jump in the stationary metabolite concentrations and metabolic rates. Thus, AdoMet concentrations increased more than 10-fold (Fig. 4) and simultaneously, a switch in metabolic flux occurred. At methionine concentrations below the threshold value, methionine metabolism operates in the "low" mode in which metabolite concentrations are low, and metabolic flux is determined by the demand on AdoMet by functional methylases (Fig. 5 ). In this mode, an increase in the functional methylases rate leads to a decrease in AdoMet concentration, which in turn leads to activation of MATI and to an increase in the total metabolic flux in the system in accordance with methylation demand. Conversely, metabolic flux decreases when the activity of methylases decrease. The flux through MATIII is small while the flux through GNMT is negligible. When methionine concentration is high, the system switches to a "high" mode. In this state, AdoMet concentrations are high and inhibit MATI while concomitantly activating MATIII. The rate of AdoMet production increases and exceeds methylation demand, which could lead to loss of the stationary state in metabolism. However, this situation is averted because at high AdoMet concentrations, the metabolic flux is routed through GNMT, which is significantly activated under such conditions. So in the "high" state, methionine metabolism has high metabolic flux that does not disturb functional methylases. Switching between the "low" and "high" states occurs in a narrow range of methionine concentrations (50-60 µM) . This is the region of hysteresis, i.e. metabolism can be in the "low" or in "high" state depending on the system's history.
This bistability predicted by the mathematical model allows rationalization of two paradoxical aspects of liver methionine metabolism. First the simultaneous presence of the MAT isoforms, MATI and MATIII is explained by their usage in different metabolic modes, and second, the role of GNMT in the high mode is clarified. The conclusions from the computational work is in good agreement with experimental studies reported by Finkelstein's group [20] . However, such a simple model has its limitations. First, it is unable to describe the distribution of metabolic flux in methionine metabolism between transmethylation and transsulfuration because the corresponding enzymes (MS, BHMT, and CBS) are not directly included in the model. Second, due to a simplified description of MATIII and GNMT kinetics, the model operates only within a narrow range of methionine concentrations i.e. 0-90 µM. At higher concentrations, the model loses its stationary state. Also, the switching time between "low" and "high" states is unrealistically long (10-20 h). Finally, the question of how regulation of methionine metabolism in hepatocytes influences methionine homeostasis in the whole organism cannot be evaluated using this model. Reed and coworkers [22] extended the simplified model described above [21] by including a more detailed description of the transmethylation and transsulfuration reactions and using methionine influx rather than methionine concentration, as a model input parameter. Importantly, they found that the steady-state methionine concentration in hepatocytes is stabilized over a 6-fold increase in the rate of methionine influx (Fig. 6 ). This stabilization is predicted to result from a sharp increase in the rate of methionine consumption when methionine concentration increases, consistent with a switching of methionine metabolism from the "low" to "high" state, with the associated changes in metabolite levels and metabolic flux routes. This mechanism also can provide a dynamic stabilization of methionine levels at fluctuating methionine influx that mimics daily nutritional cycles. Only negligible variations in methionine concentration were obtained over 3-fold variations in methionine influx (Fig.  7) . This is consistent with experimental data regarding stabilization of blood methionine levels [23] .
A limitation of this model is the simplistic linear approximation for allosteric effects (i.e. allosteric activation of CBS and inhibition of BHMT by AdoMet). This results in a rather narrow range of AdoMet concentration i.e., 20-180 µM, where the model has biological relevance since reversal of physiologically irreversible enzymes occurs outside this range (for CBS below 20 µM AdoMet and for BHMT above 180 µM AdoMet). It also possesses all the limitations of the earlier model that are associated with the simplified description of MATIII and GNMT kinetics.
To account for the role of allosteric regulation at other points in the metabolic cycle (i.e. inhibition of methylenetetrahydrofolate reductase (MTHFR) by AdoMet and of GNMT by MTHF) this model was significantly altered [24] . An important improvement was the inclusion of the MTHFR reaction and of a new variable, i.e. concentration of MTHF. However, the activities of MATI/III and GNMT were described as being 10-fold lower than the experimentally observed values and sigmoidal kinetics for GNMT were excluded. The rationale for modification of the MAT and GNMT kinetic parameters in the model was not explained, and their consequences on the regulation of methionine metabolism was not reported. Thus, it is unclear if bistability and two metabolic modes were still predicted by the model. Nevertheless, the model predicted that a decrease in AdoMet concentrations below physiological levels leads to inhibition of transsulfuration (via loss of allosteric activation of CBS) and activation of transmethylation (via reduced inhibition of BHMT and MTHFR). The consequence of this redistribution of metabolic fluxes is that methionine conservation is favored, thus supporting the normal functioning of methylases even at a very low methionine input. Subsequently, the model was extended by the addition of the cytosolic [25] and mitochondrial folate [26] metabolism and later still, of glutathione metabolism [27] . These models were used for simulation of different experimental and pathological situations [25] [26] [27] [28] but regulation of methionine metabolism itself was not actually analyzed. The history of the developments in this model has been reviewed [29] .
The most complicated model includes glutathione metabolism and describes more than 40 enzymatic reactions [27] and has been used for simulating the cellular response to oxidative stress. While the model does not permit quantitative comparison with experimental data it predicts an increase in GSH levels and activation of GSH synthesis under oxidative stress conditions that is consistent with experimental data [30] [31] [32] [33] . The model incorporates redox sensitivity as activation of CBS and inhibition of MS and BHMT by hydrogen peroxide and inhibition of MATI/III by oxidized glutathione. However, because of the opposing effects of oxidative stress on CBS and MATI/III rates (activation and inhibition respectively) described in the model, it is not clear, a priori, if cysteine, and consequently, GSH production from methionine is activated or inhibited under oxidative stress conditions. The influence of oxidative stress on the rates of the corresponding enzymatic reactions as well as the rates of metabolic fluxes in methionine metabolism was not reported. Thus, the role of methionine metabolism in the oxidative stress response was not assessed despite the quantitative importance of methionine metabolism in many cell types to glutathione homeostasis and to antioxidant capacity [32, 34, 35] . Specifically, the transsulfuration pathway can be activated several fold under oxidative stress conditions resulting in a significant increase in glutathione synthesis [32, 33, 35 ].
An important complement to mathematical modeling of metabolic systems is experimental verification of key model predictions. The novel tenet to emerge from our models of methionine metabolism was the sharp switching in metabolic mode in response to a monotonic increase in methionine concentration. Experimental evidence for this trigger behavior was recently furnished by studies on freshly isolated hepatocytes [36] . This study revealed that AdoMet and AdoHcy concentrations and methionine consumption rate increase sharply, ~10-fold in a narrow concentration range of 50-100 µM methionine (Fig.8) .
The recent iteration of the simplified mathematical model of methionine metabolism [21] includes a description of transmethylation and transsulfuration reactions and of folate metabolism to account for the regulation of MS. This detailed model [36] affords a quantitative description of a key feature of methionine regulation, that was experimentally verified and first predicted by the simple model [21] , i.e. the methionine-responsive switching between the "low" and "high" modes. Furthermore, the model predicts that the switch from the "low" to "high" state in methionine metabolism is accompanied by a switch in the metabolic flux from transmethylation to transsulfuration (Fig. 9) and is elicited by the allosteric effector, AdoMet. In the "high" state, AdoMet activates CBS and inhibits MTHFR (and consequently, MS). A second important feature in metabolic flux switching is the difference in the K M for Hcy for transmethylation (~1-10 µM) versus the transsulfuration (~1 mM) enzymes. In the "high" state, the concentration of homocysteine exceeds the value of K MHcy for MS (Fig. 9C) . Under these conditions, substrate-dependent acceleration of CBS by homocysteine is greater than that for MS and BHMT. The net effect of the "high" state on CBS is that it is allostericaly activated 1.5-fold (by AdoMet) and accelerated by its substrate, homocysteine (~7-fold). Thus, when methionine concentration is high, metabolic flux favors disposal of excess methionine, converting it to cysteine and eventually to other sulfur compounds, such as, taurine and sulfate. When methionine concentration is low, the rate of the CBS reaction decreases, MTHFR and MS are activated, and the metabolic flux favors transmethylation and the methionine cycle, thus supporting the function of methylases. This model is the first to quantitatively describe the hepatic methionine network and its regulation.
In a recent simulation study, liver methionine metabolism was used to test the robustness of the model to a broad range of parameter values for making quantitative predictions about metabolite concentrations and flux [37] . This approach shows promise for correlated parameter identification for metabolic modeling in general but did not furnish new insights into the regulation of methionine metabolism.
Applications of the mathematical model to disease
The mathematical model of methionine metabolism has been used to predict the consequences of deficiencies in the methionine cycle enzymes or in their cofactors [22] . Decreases in MATI and MATIII activities in the model by 50% leads to an increase in methionine concentration by 70%, whereas the concentrations of other metabolites are not predicted to change, which is in qualitative agreement with the experimental data [38, 39 ] . A quantitative analysis of the consequences of deficiencies in the methionine pathway will require expansion of the mathematic model to include the description of extrahepatic methionine metabolism.
The mathematical model has also been used to analyze changes in the methionine cycle in malignant liver cells. Expression of MATII instead of MATI/III and repression of GNMT are considered to be specific features of hepatomas [40] [41] [42] [43] [44] . The model predicts that replacement of MATI/MATIII with MATII and repression of GNMT would lead to loss of the switch feature in methionine metabolism [24, 45] . Hence, transformed liver cells only operate in the "low" mode in which the dependence of metabolite concentrations and flux in the methionine cycle on the concentration of methionine is weak, and exhibits a hyperbolic dependence with K MMet of ~10 µM. This prediction was experimentally verified by measuring the metabolic response of the human hepatoma cell line, HepG2, to varying methionine concentrations [45] .
The mathematical model has been useful for understanding the pathological consequences of seemingly innocuous regulatory domain mutations in CBS, which are nevertheless associated with hyperhomocysteinemia [45] . These mutations are characterized by normal to high CBS specific activities but are insensitive to allosteric regulation by AdoMet in contrast to wildtype CBS, which is activated 2-to 4-fold in response to AdoMet [46, 47] . Qualitatively, the model accounts for this behavior predicting a 1.5-to 3.0-fold increase in homocysteine concentration due to the complete loss of AdoMet-dependent regulation of CBS.
Future Perspectives
While mathematical modeling has provided important insights into how the methionine bionetwork fulfils the twin demands of maintaining methylation capacity and homeostasis over a range of dietary methionine concentrations, it has not been applied to the problem of how cysteine production is activated in response to oxidative stress. Methionine metabolism is intimately connected to glutathione-based redox homesotasis, and a significant fraction of glutathione can be produced from methionine via conversion of methionine to cysteine in the transsulfuration pathway. Inhibition of the transsulfuration pathway causes significant (up to 50%) decrease in glutathione concentration in cultured cells, including hepatocytes, HepG2 hepatoma cells, astrocytes, neurons, and immune cells [32, 35, 48, 49] , as well as in different organs in vivo [50] [51] [52] . Activation of glutathione synthesis from methionine was observed in cultured HepG2 cells and in astrocytes [32, 35] under oxidative stress conditions. Additionally, individual enzymes in this network, e.g., MAT, MS, and CBS are reported to be redox sensitive [53] [54] [55] . Activation of cysteine (and consequently GSH) synthesis under oxidative stress conditions requires a substantial increase in metabolic flux through the methionine cycle, possibly involving switching into the "high" metabolic state. However the regulatory mechanism that renders the network sensitive to the cellular redox state remains to be described.
Another interesting problem that awaits analysis is the mechanism of stabilization of blood methionine levels. The existing models can account for stabilization of methionine levels at periodic variations of methionine input [22, 27, 36] that simulates food consumption and is consistent with experimental data [23] . However, to maintain normal methionine levels between dietary intake, the models need a small permanent methionine input. Without this, methionine levels in the model rapidly drops to zero. However, in vivo the blood methionine concentration is maintained even during prolonged starvation [56] [57] [58] . Hence, understanding the mechanism of blood methionine stabilization in the absence of methionine input is critical for understanding methionine homeostasis at the organismal level.
The utility of the mathematical model for understanding the metabolic consequences of specific enzyme deficiencies inherited as inborn errors of metabolism or mimicked in transgenic animals, has been underexploited. With the animal models, experimental verification of the system's behavior should be possible with studies on hepatocytes. Similarly the potential modulation of this pathway by common polymorphic variants with disease correlations (e.g. in MTHFR [59] and in methionine synthase reductase [60] ), is an open area that deserves attention. Finally, animal models for lifespan extension due to methionine restriction have been described [61] [62] [63] . The adaptive responses in liver and extrahepatic methionine metabolism under these conditions might lead to important insights into key metabolic nodes associated with aging. General scheme depicting methionine metabolism (A) in most extrahepetic tissues and (B) in hepatocytes. The solid arrows depict enzymatic reactions and the thick lines denote hepatocytespecific enzymes. The dashed red arrows and the dashed blue lines indicate respectively allosteric activation and inhibition of enzymes by metabolites. The abbreviations used in this figure are described 1 . The figure is based on Fig. 1 from [36] . The dependence of the methionine, AdoMet and AdoHcy concentrations in rat liver on methionine content in a diet. The figure was generated using the average data presented in [20] . The reduced (simplified) scheme of methionine metabolism in liver cells used for construction of the model of Martinov et al., 2000 [21] . The abbreviations used in this figure are described 1 . This figure is reproduced from [21] (Fig. 2) with permission obtained from the publisher and the authors. (1), and the rates of total methylases (2), and GNMT (3) on methionine concentration. This figure is reproduced from [21] (Fig. 7) with permission obtained from the publisher and the authors. The effect of methionine input (Metin) on the steady-state levels of four metabolites in the methionine cycle in the model of Reed et al., 2004 [22] . This figure is reproduced from [22] ( Fig. 3 ) with permission obtained from the publisher and the authors. The effects of dynamic changes in methionine input (Metin) on (A) metabolites and (B) the rates of methylation and the reactions that use homocysteine as a substrate in the model of Reed et al., 2004 [22] . This figure is reproduced from [22] (Fig. 4) with permission obtained from the publisher and the authors. The simulated methionine concentration dependence of steady-state reaction rates (A, B) and metabolite concentrations (C) in the liver methionine cycle. The enzyme and metabolite abbreviations denote the curves corresponding to their behavior. This figure is reproduced from [36] (Fig. 5 ) with permission obtained from the publisher and the authors.
